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ABSTRACT 
r 627Y 

: ,* -c" I 

This Final Summary Report outlines the development of the load-carrying 
capability of adhesive bonded st.uds. Four resin systems and two flexible 
liners in two thicknesses were investigated, and the test results of the 
various combinations of these materials indicated the optimum bonding 
system. Bonding procedures are outlined and the importance of following 
these procedures is stressed. This program resulted in a room temperature 
adhesive system with a load-carrying ability exceeding that of the stud. 
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A. INTRODUCTION 

The fol lowing summary r e p o r t  covers t h e  per iod 1 December 1962 through 
28February 1963 and b r i e f l y  desc r ibes  t h e  work which has  been 
accomplished du r ing  Phase I of t h i s  program. 
du r ing  t h e  pe r iod  1 February 1963 through 28  February 1963 i s  desc r ibed  
i n  somewhat more d e t a i l .  

The work accomplished 

Work w a s  i n i t i a t e d  on t h e  sub jec t  c o n t r a c t  30 November 1962. An a n a l y s i s  
on optimum shape of t h e  s t u d  base p l a t e  w a s  completed and i s  included as 
Appendix A t o  t h i s  r e p o r t .  Based on t h i s  a n a l y s i s ,  designs have been 
completed on t h e  1/4- in .  and 3/8- in .  diameter s t u d s .  A drawing of t h i s  
design,  RE 5326, i s  a t t a c h e d .  Studs have been manufactured according t o  
t h i s  design i n  t h e  1 /4 - in .  and 3/8- in .  diameters .  5456 anodized aluminum 
base  p l a t e s  measuring 6 i n .  x 6 i n .  x 1 / 4  in .  have been procured. 
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B .  BONDING SYSTEMS 

The sys t ems  f o r  bonding s t u d s  t o  base p l a t e s  chosen f o r  i n v e s t i g a t i o n  d u r i n g  
Phase I are  as fol lows:  

1. Adhe s i v  e s 

Based on p a s t  experience and a b r i e f  l i t e r a t u r e  survey, t h e  fol lowing 
adhesive systems have been chosen f o r  i n v e s t i g a t i o n  du r ing  Phase I of 
t h e  c o n t r a c t  t a s k :  

a. Narmco 3135/7111 
Room temperature c u r i n g  epoxy-polyamide, two-part  system 

b. Narmco 7343/7139 
Room temperature c u r i n g  polyurethane elastomer,  two-part  system 

c.  Narmco X305 
Room temperature cu r ing  polyurethane modified epoxy, one-part  
system 

d. Narmco 3170/7133 
Room temperature  c u r i n g  Nylon-f i l l e d  epoxy polyamide, two-part 
system 

2 .  F l e x i b l e  Film Shock Absorbers 

2. Teflon FEP, Type 544 

b. Polyurethane f i l m  (Estane, Texin or multrathane)  

3. F l e x i b l e  Film Thicknesses 

a .  S ing le  l - m i l  f i l m s :  composite g l u e l i n e  th i ckness  
4-7 m i l s  

b. S ing le  50-mil f i l m s :  composite GLT8 - 11 m i l s  

c .  No f l e x  f i l m :  GLT adhesive only 
3-6 m i l s  

Tooling f o r  performing t h e  var ious t e s t s ,  as o u t l i n e d  i n  a l l  phases of t h e  
program, were incorporated i n t o  one t o o l .  This  t o o l  c o n s i s t s  of an  open-top 
box f a b r i c a t e d  from l - i n .  aluminum p l a t e  measuring 7- in .  x 7-in.  x 5 - i n .  
w i t h  hold-down clamps f o r  t h e  6- in .  x 6 - i n .  t e s t  p l a t e s .  One s i d e  can be 
removed f o r  use as a shear  t e s t  f i x t u r e  and t h e  o t h e r  s i d e s  and bottom have 
been p r e d r i l l e d  t o  mount on the shock and v i b r a t i o n  machines. The r e l a t i v e l y  
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heavy aluminum p l a t e  w a s  s e l ec t ed  as t h e  t o o l i n g  m a t e r i a l  so  t h a t  t h e  
p o s s i b i l i t y  of gene ra t ing  a resonant  frequency i n  t h e  box du r ing  t h e  
v i b r a t i o n  t e s t s  would be minimized. 

c.  TESTING 

The i n i t i a l  t e s t s  were conducted on X-305 wi th  5 -mi l  Estane,  u s ing  t h e  
loading nu t  as shown i n  F igu re  1. This  nu t  indexed t o  t h e  end of t h e  s tud  
so t h a t  t h e  load w a s  app l i ed  1 in.  from t h e  bonded f a c e  of t h e  s t u d .  
However, when t h e  s t u d s  f a i l e d  a t  967 l b  and 520 l b  (see Tabie i), it was 
r e a l i z e d  t h a t  t h e  load had t o  be t r a n s f e r r e d  t o  t h e  shoulder  of t h e  s tud .  
This  w a s  accomplished by modifying t h e  loading n u t  so t h a t  it indexed t o  t h e  
0.600-in. diameter shoulder  of the s t u d  and s t i l l  r e t a i n e d  t h e  loading 
p o i n t  a t  1 in .  from t h e  bonded f ace  of t h e  s tud .  The r e v i s e d  loading nut,  
as shown i n  F igu re  2, w a s  used i n  a l l  t h e  remaining tes ts .  A l l  tes ts  were 
conducted i n  s t a t i c  shea r .  The p l a t e  w i th  i t s  bonded s t u d  w a s  loaded i n t o  
t h e  t es t  f i x t u r e  so  t h a t  t h e  p l a t e  w a s  supported i n  a v e r t i c a l  p o s i t i o n .  
The tes t  f i x t u r e  w a s  then placed i n  t h e  60,000- l b  Tinius-Olsen h y d r a u l i c  
t e s t  machine. 

Centered over t h e  loading nu t ,  which had been s e a t e d  on t h e  s t u d  shoulder, 
a load w a s  app l i ed  a t  a head t r a v e l  r a t e  of approximately 0.050 in./min. 
The t e s t  s e t u p  as desc r ibed  i s  shown i n  Figure 3. 

D. TEST RESULTS 

The r e s u l t s  of each i n d i v i d u a l  t e s t  and averages a r e  given i n  Tables 1, 2,  
3, 4, and 5. A s  w i l l  be noted, t h e  X-305 Estane system had t h e  h i g h e s t  
average s t r e n g t h s  and w a s  t h e  only system t h a t  developed higher  s t r e n g t h s  
than  t h a t  of t h e  3/8-in.  diameter s t u d s .  

F ive  a d d i t i o n a l  specimens were f a b r i c a t e d  us ing  t h e  X-305 l - m i l  Estane 
system f o r  t h e  purpose of ob ta in ing  a s t r e s s - s t r a i n  curve as t h e  specimens 
were t e s t e d .  The u l t i m a t e  load d e f l e c t i o n  va lues  f o r  s t r e s s - s t r a i n  curves 
a r e  given i n  Table 6, and t h e  curves a r e  shown i n  F igu res  4 through 8. 

The average f a i l i n g  load f o r  these a d d i t i o n a l  f i v e  specimens w a s  1458 lb ,  
w i t h  one ou t s t and ing  specimen a t  1930 lb .  This i n d i c a t e s  t h a t  ope ra to r  
t echn ique  has much t o  do w i t h  the e f f i c i e n c y  of t h e  s t u d - t o - p l a t e  bond, 
s i n c e  a l l  o t h e r  f a c t o r s  were i d e n t i c a l  w i th  t h e  f i r s t  t e s t s  run. Such 
t h i n g s  as ope ra to r  s k i l l  i n  e l imina t ing  a l l  entrapped a i r  and c o n t r o l l i n g  
g l u e l i n e  th i ckness  probably are c o n t r o l l i n g  f a c t o r s  i n  the  s t r e n g t h s  t h a t  
can  be obtained.  I t  i s  a n t i c i p a t e d  t h a t  as t h e  f a b r i c a t i o n  techniques a r e  
p e r f e c t e d  and s t anda rd ized ,  the average s t r e n g t h  of t h e  bonded s t u d s  w i l l  
approach t h e  h ighes t  obtained to d a t e .  



Figure 1. Original Loading Nut 

Figure 2. Revised Loading Nut 
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specimen 
No. 

X- A- 1- 1 

A- 1-2 

A-1-3 

A-2-1  

A-2-2 

A-2-3 

A-3-1 
A-3-2  

A- 3- 3 

A-4- 1 

A- 4- 2 

A-4-3 

A-5- 1 

A-5-2 

A-5-3 

A-6- 1 

A- 6- 2 

A-6-3 

A- 7- 1 

A-7-2 

A-7-3 

A- 8- 1 

A-8-2 

A- 8- 3 

305 

'I 

TABLE 1 

TEST RESULTS X-305 ADHESIVE 

~~ 

Adhesive Bondline 

1 - m i l  Estane 

5-mil Estane 

5-mil Teflon 
I 

1 - m i l  Teflon 

0.004 wire shim 

P.C. wire  shim 

1 - m i l  Estane 

5-mil Estane 

Load, 
lb 

1790 

992 

740 

1460 

96 7 

920 

5 10 

6bo 

7 00 

550 

5 70 

385 

a22 

85 0 

7 95 

1105 

1150 

880 

1170 

12 10 

9 10 

1600 

900 

900 

* Failed a t  967 lb and 920 lb 

X- 305 SYSTEM AVERAGES 

1 - m i l  Estane 

5-mil Estane 

1 - m i l  Estane 

5-mil Estane 

X-305 Estane 

1 - m i l  Teflon 

5-mil Teflon 

X-305 Teflon 

No Flex Line 

No Flex Line 

X- 305 

Type of Fa i lure  

Broke s tud  

Broke s tud  

Broke s tud  

Cohesive 

Broke stud* 

Broke stud* 

Cohesive 

Cohesive 

Adhesive f a i l u r e  

Adhesive 

Adhesive 

Adhesive f a i l u r e  

Cohesive 

Cohesive 

Cohesion f a i l u r e  

Cohesive 

Cohesive 

Cohesion f a i l u r e  

Cohesion 

Av. (3) 

Av. (3) 

Postcured Av. (3) 

Postcured Av. (3) 

Av. (12) 

Av. (3) 

Av. (3) 

Av. (6) 

Av. (3) 

Postcured Av 

Av. (6) 

Av. (24) 

1174 

1157 

1097 

1133 

1140 

502 

617 

560 

822 

1045 

934 

943 
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Figure 3 .  Test Setup i n  60,000-lb 
T in ius -Olsen  
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Specimen 
No. 

1.  

B- 1- 1 

B- 1- 2 

B- 1-3 

B-2- 1 

B- 2- 2 

B- 2- 3 

B-3- 1 

B-3-2 

B- 3- 3 

B-4- 1 

B- 4- 2 

B- 4- 3 

B-5- 1 

B-5-2 

B-5-3 
T I  

TABLE 2 

TEST RESULTS 3135/7111 ADHESIVE 

Adhe s iv  e 

~~ ~ 

Bond 1 i n e  

1 - m i l  Estane 

J 
5-mil Estane 

5-mil Teflon 

J 
1 - m i l  Teflon 

Wire shim 0.004 

Load, 
lb 

811 

5 70 

270 

88 1 

800 

1750 

5 78  

5 45 

745 

5 05 

446 

420 

620 

834 

3 84 

3135 System Averages 

1 - m i l  Estane 
5-mil Estane 
3135 Estane 

1 - m i l  Teflon 
5-mil Teflon 
3135 Estane 

No Flux Liner 
3 135 

Av. (3) 
Av. (3) 
Av. (6) 

Av. ( 3 )  
Av. (3) 
Av. (6) 

Av. (3) 
Av. (15) 

550 
1144 
847 

45 7 
623 
5 40 

613 
677 

Type of F a i l u r e  

Adhesive f a i l u r e  

Cohesive - Bent s tud  

Adhe s i v  e 

Adhe s i v  e 
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Specimen No. 

qr 

c- 1-1 

c- 1-2 

C- 1- 3 

c-2-1 

c-2-2 

C-2-3 

C-3- 1 

C-3-2 

c-3-3 

c-4- 1 

C-4-2 

c-4-3 

C-5- 1 

C-5-2 

c-5-3 

TABLE 3 

TEST RESULTS 7343/ 7 131 ADHESIVE 

Adhesive Bond 1 i n e  

5-mil Estane 

l - m i l  Estane 

l - m i l  Tef lon 

5-mil Teflon 

Wire shim 0.004 

7343 System 

l - m i l  Estane Av . 
5-mil Estane Av 
7343 Estane Av . 
l - m i l  Teflon Av . 
5-mil Teflon Av . 
7343 Teflon Av e 

No Liner Av 
7 343 Av. R e s u l t s  

Load, 
?b 

620 

605 

830 

741 

8 12 

7 14 

846 

243 

868 

7 13 

7 35 

9 15 

908 

849 

7 94 

~~ ~ 

Type of F a i l u r e  

Adhe s i v  e 

756 
6 85 
7 2 1  
819 
788 
804 
85 0 
780 
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Specimen No. 

D- 1- 1 

D- 1-2  

D- 1-3 

D-2- 1 

D- 2- 2 

D- 2- 3 

D-3- 1 

D-3-2 

D-3-3 

D-4- 1 

D-4-2 

D-4-3 

D-5- 1 

D-5-2 

D-5-3 

TABLE 4 

TEST RESULTS 3170/7133 ADHESIVE 

Adhesive 

7 133 

Bond 1 ine  

l - m i l  Estane 

5-mil Estane 

5 - m i l  Tef lon 

l - m i l  Tef lon 

Wire shim 0.004 

J 
~~ 

7133 System 

l - m i l  Estane 
5-mil Estane 
7133 Estane 
1 - m i l  Teflon 
5-mil Teflon 
7133 Teflon 
No Flex  Liner 
7 133 

Av. (3) 
Av. (3) 
Av. (6) 
Av. (3) 
Av. (3) 
Av. (6) 
Av. (3) 
Av. (15) 

Load, 
l b  

115 1 

1124 

1154 

1190 

80 9 

95 2 

626 

662 

739 

579 

502 

46 7 

640 

673 

7 92 

1143 
9 84 

1064 
5 16 
676 
5 96 
702 
804 

Type of F a i l u r e  

Cohesive 



TABLE 5 

FLEXIBLE FILM AVERAGES 

l - m i l  Estane 

5-mil  Estane 

Estane 

l - m i l  Tef lon 

5-mil  Teflon 

Teflon 

N o  F lex  Liner 

Av. of A l l  Tes t s  

Av. (15) 

Av. (15) 

Av. (30) 

Av. (12) 

Av. (12) 

Av. (24) 

Av. (15) 

(69) 

944 

102 1 

983 

5 74 

6 75 

6 25 

806 

804 

11 



TABLE 6 

ULTIMATE LOAD DEFLECTION VALUES 
FOR STRESS- STRAIN CURVES 

X-305 - 1-MIL ESTANE 

Specimen No. 

G- 1- 1 

G- 1- 2 

G- 1-3 

H- 1- 1 

H- 1-2 

H - 1 - 3  

Ultimate Load, 
lb 

15 40 

1160 

1330 

1930 

N o t  Tested 

1330 

Deflect ion,  
i n .  

0.. 0698 

0.0468 

0.0676 

0.110 

Not Tested 

0.0535 

12 



1330-lb load 
0.0535-in. d e f l e c t i o n  *Oo0 I 

1 2 3 4 5 
1-in.  Chart  = 0.01486 Specimen D e f l e c t i o n  

F igu re  5. H - 1 - 3  Specimen Load D e f l e c t i o n  Curve 

2000 
1330-lb load 
0,0676-in. d e f l e c t i o n  

1 2 3 4 5 

1 - i n ,  Chart  = 0.01486 Specimen D e f l e c t i o n  

F igu re  6. G - 1 - 3  Specimen Load D e f l e c t i o n  Curve 

13 
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E .  BONDING PROCEDURE 

The s t u d s  and p l a t e s  were degreased, r i n s e d ,  and a i r  d r i e d .  Care w a s  taken 
t h e r e a f t e r  no t  t o  touch t h e  bonding s u r f a c e s  wi th  t h e  f i n g e r s .  

By us ing  a mask of Mylar, a 4 - m i l  l a y e r  of adhesive w a s  a p p l i e d  t o  t h e  
c e n t e r  of t h e  5456 aluminum p l a t e s .  The f l e x i b l e  f i l m  w a s  c a r e f u l l y  wiped 
w i t h  MEK, a i r  d r i e d ,  t hen  appl ied t o  t h e  adhesive.  Care w a s  taken t o  
prevent  t r a p p i n g  a i r  under t h e  f i l m .  A second 4-mil l a y e r  of adhesive was 
a p p l i e d  t o  t h e  f l e x i b l e  f i l m  and a t h i r d  l a y e r  t o  t h e  bonding f a c e  of t h e  
s tud .  The s t u d  w a s  then appl ied t o  t h e  f l e x i b l e  f i l m  w i t h  a r o l l i n g  motion 
t o  remove a l l  entrapped a i r .  The p l a t e s ,  w i th  t h e  a f f i x e d  s t u d s ,  were then 
placed f a c e  up on a cu r ing  rack and a 2 - lb  weight a p p l i e d  t o  each s t u d .  A l l  
adhes ive  systems then were allowed t o  c u r e  f o r  72 hours  a t  room temperature,  
w i t h  t h e  except ions of t h e  A-6, A-7,  and A-8 s e r i e s  i n  Table 1. These n i n e  
s t u d s  were postcured a t  200°F for  1 hour f o r  t h e  purpose of checking t h e  
e f f e c t s  of pos t cu re  on t h i s  adhesive system. 

The average v a l u e s  of t h e  va r ious  adhesion systems, u s i n g  a Teflon f l e x i b l e  
f i lm ,  a r e  i n  every case  lower than t h e  average v a l u e s  ob ta ined  when no 
f l e x i b l e  f i l m  w a s  used. It i s  f e l t  t h a t  t h i s  f a c t  e l i m i n a t e s  a Teflon 
f l e x i b l e  l i n e r  from f u r t h e r  considerat ion.  With t h e  except ion of t h e  7343 
adhesive system, improvement was shown by t h e  a d d i t i o n  of an Estane f l e x i b l e  
f i lm .  Since t h e  7343 system displayed t h e  lowest averages when used wi th  
Estane and had no r e a l l y  good specimens i n  any of t h e  combinations, i t  has  
been e l imina ted  from f u r t h e r  cons ide ra t ion .  

The 3135 system d i sp layed  t h e  lowest average v a l u e  of t h e  fou r  systems wi th  
on ly  one ou t s t and ing  specimen. This  i n d i c a t e s  a good p o t e n t i a l  adhesive 
system; however, it probably has processing d i f f i c u l t i e s .  For t h e s e  
reasons,  t h e  3135 adhesive system has been e l imina ted  from f u r t h e r  consider-  
a t i o n .  On t h e  two r e s i n  systems remaining (S-305 and 7132), some average 
improvement i s  shown by t h e  a d d i t i o n  of an Estane f l e x i b l e  f i lm .  
t h e  tests t o  d a t e  show t h a t  the 1 - m i l  f i l m  i s  s l i g h t l y  s u p e r i o r  t o  t h e  
5-mil f i lm ,  it would be reasonable  t o  b e l i e v e  t h a t  t h e  5-mil f i l m  would 
e x h i b i t  supe r io r  shock and v i b r a t i o n  r e s i s t a n c e .  

Although 

15 



11. PHASE I1 
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A .  INTRODUCTION 

The fol lowing summary r e p o r t  covers t h e  per iod 1 May 1963 through 
31 August 1963 and b r i e f l y  descr ibes  t h e  work which has  been accomplished 
dur ing  Phase I1 of t h i s  program. 
1 August 1963 through 31 August 1963 i s  descr ibed  i n  more d e t a i l .  

The work performed dur ing  t h e  per iod 

T-GO r e s i n  systems (X-305 aad 3170/7133) 2nd two th icknesses  of f l e x i b l e  
l i n e r  (0.002 i n .  and 0.005 i n . )  have been inves t iga t ed .  A s e r i e s  of s i x  
tes ts  has been conducted on each of t h e  four  bonding systems, us ing  
approximately t e n  specimens each. Resu l t s  of t h e s e  tes ts  have been 
grouped so t h a t  t h e  optimum system can be se l ec t ed .  

17 



B. BONDING SYSTEMS 

C. 0 

The systems f o r  bonding s t u d s  t o  base  p l a t e s  chosen f o r  i n v e s t i g a t i o n  du r ing  
Phase I1 of t h e  c o n t r a c t  t a s k  a r e  as fol lows ( t h e  adhesive systems l i s t e d  
a r e  based on r e s u l t s  of t e s t s  performed dur ing  Phase I): 

1. Adhesives 

a. Narmco X-305 
Room temperature cur ing polyurethane modified epoxy, one-part  system 

b. Narmco 3170/7133 
Room temperature cur ing nylon-f i l l e d  epoxy polyamide, two-part  
system 

2.  F l e x i b l e  F i l m  Shock Absorbers 

a.  Estane f i l m  (polyurethane) 0.002-in. t h i c k  

b. Estane f i l m  0,005-in.  t h i c k  

TESTING 

Tes t ing  on adhesive-bonded s tuds  du r ing  Phase I1 of t h i s  program w a s  
performed on approximately t e n  specimens of each bonding system f o r  each of 
t h e  fol lowing t e s t s :  

1.. S t a t i c  Tensile 

2.  Shock Shear 

3. Shock T e n s i l e  

4 .  Vibra t ion  

Tool ing f o r  performing t h e s e  t e s t s  w a s  incorporated i n t o  one p i e c e  of equip- 
ment c o n s i s t i n g  of a n  open-top box f a b r i c a t e d  from 1.0- in .  t h i c k  aluminum 
p l a t e  measuring 7 .0  in .  x 7 . 0  in.  x 5 .0  i n .  w i th  hold-down clamps f o r  t h e  
6.0- in .  x 6 .0- in .  t e s t  p l a t e s .  One s i d e  can be removed f o r  use as a shear  
t e s t  f i x t u r e ,  and t h e  o t h e r  s i d e s  and bottom have been p r e d r i l l e d  t o  mount 
on t h e  shock and v i b r a t i o n  machines. The r e l a t i v e l y  heavy aluminum p l a t e  
w a s  s e l e c t e d  a s  t h e  t o o l i n g  m a t e r i a l  so  t h a t  t h e  p o s s i b i l i t y  of gene ra t ing  
a r e sonan t  frequency i n  t h e  box du r ing  t h e  v i b r a t i o n  t e s t s  would be 
minimized . 

18 



1 .  S t a t i c  Tension T e s t i n g  

Resu l t s  of t h e  s t a t i c  t ens ion  t e s t s  a r e  shown i n  Tables 7 through 10, 
During t h e  t e s t i n g  of t h e  X-305 l - m i l  Estane system, i t  w a s  discovered 
t h a t  t h e  t e n s i o n  f i x t u r e  was f l e x i n g  under t e n s i o n  and w a s  inducing a 
p a r t i a l  s i d e  (or t e a r i n g )  load on t h e  specimen, The t e s t s  were 
stopped and remedial  a c t i o n  taken. Specimens Nos. 1, 2, and 8 were 
t e s t e d  i n  t h e  reworked f i x t u r e .  The r e s u l t i n g  v a l u e s  i n d i c a t e d  t h a t  a 
r educ t ion  i n  u l t i m a t e  load (approximately 10%) w a s  caused by t h e  s i d e  
loading . 
A s  can be seen from Tables 7 through 10, t h e  bonding system u t i l i z i n g  
X-305 adhesive wi th  0.001-in. t h i c k  Estane developed cons ide rab ly  more 
s t r e n g t h  i n  s t a t i c  t e n s i o n  than  d i d  t h e  o t h e r  systems t e s t e d .  When 
used w i t h  0.005-in. t h i c k  Estane, t h e  3170/7133 adhesive showed a s m a l l  
advantage over t h e  X-305 system. I f  t h e  t h r e e  adhesives  f a i l u r e s  
(evidence of improper c leaning procedures) are  n o t  considered,  t h e  X-305 
adhesive i s  s l i g h t l y  b e t t e r .  

When 0.005-in. Estane is used, t h e  l i m i t i n g  f a c t o r  f o r  bond s t r e n g t h  i s  
t h e  f i lm-adhesive i n t e r f a c e ,  due e i t h e r  t o  t h e  s t r e s s e s  caused by t h e  
e f f e c t  of Po i s son ' s  r a t i o  o r  t o  necking down of t h e  f l e x i b l e  f i l m .  This 
necking down is  g r e a t l y  reduced w i t h  t h e  use of 0.001-in. f l e x i b l e  f i lm ,  
w i t h  a cons ide rab le  inc rease  i n  bond s t r e n g t h s .  

The average bond s t r e n g t h  of t h e  X-305 system w i t h  0.001-in. Estane w a s  
4010 lb ,  o r  approximately 80% of t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of t h e  
3/8-in.  diameter s tud .  

2 , T e n s i l e  Shock Tests 

A l l  t e n s i l e  shock tests were conducted us ing  an  Avco-type SM 005-1 shock 
t e s t e r  w i th  a Tektronic-type 543 o s c i l l o s c o p e  and a camera, coupled w i t h  
an  Endevco-type 2215 accelerometer.  This s e t u p  produced a shock 
p a t t e r n  on t h e  o s c i l l o s c o p e  t h a t  w a s  photographed by t h e  camera. 
economical reasons,  a l l  shocks on a l l  specimens were no t  recorded by 
t h e  camera. The shock machine w a s  c a l i b r a t e d  p r i o r  t o  t h e  t e s t  run, 
and d r i v i n g  a i r  p r e s s u r e  was coordinated w i t h  t h e  r e s u l t a n t  shock. Spot 
checks were made throughout t h e  t es t ,  and a f i n a l  check w a s  made when 
t h e  t e s t  w a s  completed t o  a s s u r e  nonva r i a t ion  of t h e  c a l i b r a t i o n .  n-e 
t e s t  f i x t u r e  w a s  a t t ached  t o  t h e  shock machine so t h a t  t h e  specimen 
p l a t e  w a s  suspended wi th  the s t u d  p o i n t i n g  downward. I n  o rde r  t o  p l a c e  
t h e  s tud  i n  t e n s i o n  during t h e  d e c e l e r a t i o n  shock, a 10-lb weight w a s  
screwed onto t h e  s tud .  (Results of t h e  t es t  are shown i n  Tables 11 
through 14.) 

Resu l t s  of t h e  t e s t s  on 7133/7130 adhesive wi th  0.002-in. t h i c k  Estane 
f l e x i b l e  f i l m  (Table 11) were somewhat e r ra t ic ,  w i t h  only one cohesive 
f a i l u r e  a t  200 g ' s .  The 7133/7130 adhesive wi th  0.005-in. Estane f i l m  
was much more c o n s i s t e n t ,  w i th  a l l  f a i l u r e s  cohesive a t  approximately 

For 

200 g ' s .  
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TABLE 7 

STATIC TENSILE TEST 

X-305 Adhesive With 0.005-in. Estane F lex  F i l m  
On 5456 T6 Bare Aluminum (Not Etched) 

Specimen No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Load, 
lb 

2950 

1650 

2450 

2360 

25 20 

2 740 

2960 

1800 

1980 

3020 - 
Av. 2443 

Remarks 

Adhesive f a i l u r e  

Adhesive f a i l u r e  

Adhesive f a i l u r e  

NOTE: Loading Rate = 0.050 in. /min 

20 



TABLE 8 

STATIC TENSILE TEST 

3170/7133 Adhesive With 0.001-in. Estane F lex  F i lm 
On 5456 T6  Bare Aluminum (Etched) 

Specimen 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10  

Load, 
l b ,  

2860 

3000 

2620 

2450 

2780 

2320 

2 550 

2470 

2 560 

2270 

kv. 2588 

Rema r ks 

F a i l u r e s  of a l l  

cohes ive  a t  f i lm-  
adhes ive  i n t e r f a c e  

specimens were 

NOTE: Loading R a t e  = 0.050 in./min 

2 1  



TABLE 9 

STATIC T E N S I L E  TEST 

X-305 Adhesive With 0.001-in. Estane F lex  F i l m  
On 5456 T6 Bare  Aluminum (Etched) 

Specimen 
N o .  

l* 

2* 

3 

4 

5 

6 

7 

8 ;‘c 

9 

10 

Load, 
l b  

4840 

52 30 

38 50 

3890 

3900 

3550 

3460 

4200 

3390 

3810 

kv. 4010 

Remarks 

A l l  f a i l u r e s  were 
cohes ive  a t  f i lm-  
adhes ive  i n t e r f a c e  

* Reworked f i x t u r e  

NOTE:  Loading Rate = 0.050 in./min 

22 



TABL,E 10 

a 

STATIC TENSlLE TLS?’ 

3170/7133 Adhesive With 0.001-in. Estane Flex F i l m  
On 5456 T6 Bare Aluminuin (Etched) 

Specimen 
No. 

1 

, 2  

3 

4 

5 

6 

7 

8 

9 

10 

Load, 
lb 

2430 

2470 

2470 

2720 

2420 

2120 

2200 

2 500 

2300 

kv. 2400 
- 

Remarks 

A l l  f a i l u r e s  were cohesive a t  
f i l m -  a dhe s i ve i n t e r f a ce . A 1  1 
t e s t s  were made i n  reworked 
fixture. 

Not t e s t e d  

NOTE: Loading Ra te  = 0.050 in./rnin 
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TABLE 11 

TENSILE SHOCK TESTS 

7133/7130 Adhesive With 0.002-in. Estane Flex Film 

~ 

Specimen No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Load In G's 

130 
146 

130 
146 

2 00 

146 

138 
146 

138 

138 

138 

138 
146 
185 
200 

138 
146 

No. of Shocks 

5 
1 

5 
1 

1 

1 

5 
1 

1 

1 

1 

5 
5 
5 
5 

5 
5 

Remarks 

A l l  failures ad- 
hesive except No. 9, 
which was cohesive 

24 



0 

0 

TABLE 12 

TENSILE SHOCK TESTS 

7133/3170 Adhesive With 0.005-in. Estane F lex  Fi lm 

Specimen No, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Load I n  G ' s  

7 5  
110 
120 
130  
146 
185 
200 

185 
2 00 

200 

200 
2 16 

200 
2 16 

2 00 

2 00 
216 

2 00 

2 00 

200 
216 

N o .  of Shocks 

5 
5 
5 
5 
5 
5 
5 

5 
3 

4 

5 
4 

5 
2 

2 

5 
1 

1 

4 

5 
3 

~~ 

Remarks 

A l l  f a i l u r e s  co- 
h e s i v e  

25 



TENSILE SHOCK TEST 
X-305 Adhesive With 0.002-in. Estane F lex  Film 

-~ ~ 

Specimen No. 

TABLE 13 

Load I n  G ' s  

130 

130 

130 

100 
110 
120 
130 
146 
180 
200 
216 
230 
2 50 
260 

130 

100 

100 

100 

100 

No. of Shocks 
~ 

1 

2 

1 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
2 

2 

1 

1 

1 

1 

~~ 

Rema r ks 

A l l  f a i l u r e s  a d h e s i v e  

Specimen No. 4 was 
sub jec t ed  t o  a t o t a l  
of 52 shocks of i n -  
c r e a s i n g  i n t e n s i t y .  
and f a i l e d  on t h e  
second 260 g shock 
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TABLE 14 

1 

TENSILE SHOCK TEST 
X-305 Adhesive With 0.005-in. Estane Flex ;Aim 

Specimen No. 10 was 

Specimen No. 

5 
5 
5 
5 
5 
3 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
subjected to a total 
of 29 shocks of in- 
creasing intensity. 
Failure occurred on 
the third 250 g shock 

Load In G ' s  
~ 

130 

130 

130 

130 

130 
146 
185 

130 

130 

130 

130 

130 
146 
185 
200 
2 16 
2 30 
2 50 

No. of Shocks 

2 

2 

4 

2 

5 
5 
1 

1 

1 

1 

1 

-I 

Remarks 

All failures adhesive 

0 
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TABLE 14 

TENSILE SHOCK TEST 

X-305 Adhesive With 0.005-in. Estane F lex  ; A i m  

Specimen No. 
~~ 

1 

3 
L 

3 

4 

5 

6 

7 

8 

9 

10 

Load I n  G ' s  

130 

130 

130 

130 

130 
146 
185 

130 

130 

130 

130 

130 
146 
185 
200 
216 
230 
2 50 

N o .  of Shocks 

2 

2 

4 

2 

5 
5 
1 

1 

1 

1 

1 

1 
5 
5 
5 
5 
5 
3 

Remarks 
~~~ ~ ~ 

A l l  f a i l u r e s  adhes ive  

Specimen No. 10 was 
sub jec t ed  t o  a t o t a l  
of 29 shocks of in -  
c r e a s i n g  i n t e n s i t y .  
F a i l u r e  occurred on 
the  t h i r d  250 g shock 

2 7  



These t e s t s  gave s t r o n g  i n d i c a t i o n s  t h a t  t h e  cohesive s t r e n g t h  of t h e  
7133/3170 adhesive i s  t h e  l i m i t i n g  f a c t o r ,  and t h a t  200 g ' s  a c c e l e r a -  
t i o n  (when t h e  s t u d  i s  support ing a 10-lb weight) i s  a l l  t h a t  can be 
expected. 

Tes t  r e s u l t s  f o r  t h e  X-305 adhes ive  w i t h  0.002-in. Estane f i l m  were 
even more e r r a t i c .  However, a l l  f a i l u r e s  were adhesive,  and s u s t a i n e d  
shock loads were as h igh  as 260 g ' s  on one excep t iona l  specimen. 

T e s t  r e s u l t s  f o r  t h e  X-305 adhes ive  w i t h  0.005-in. Estane f i l m  were 
a l s o  e r r a t i c .  There i s  l i t t l e  reason t o  assume t h a t  one f i l m  t h i c k n e s s  
i s  b e t t e r  t han  t h e  o t h e r  i n  t h e s e  t e s t s .  

It should be noted t h a t  the loading on t h e  X-305 adhesive specimens d i d  
n o t  r each  t h e  cohesive s t r e n g t h  of t h e  adhesive,  and t h a t  a l l  f a i l u r e s  
must be considered premature. I n v e s t i g a t i o n  a f t e r  t h e  tests r evea led  
t h a t  t h e  ba ths  used f o r  e tching t h e  specimens were not  f u n c t i o n i n g  a t  
f u l l  e f f i c i e n c y ,  which may account f o r  a l l  f a i l u r e s  being adhesive.  

Five a d d i t i o n a l  specimens were f a b r i c a t e d  from t h e  X-305 5-mil system 
f o r  purposes of rechecking t h e  l e v e l s  a t t a i n a b l e  wi th  new e t c h  s o l u t i o n .  
R e s u l t s  of t h e s e  t e s t s  a r e  shown i n  Table 15. 

A comparison of t h e  r e s u l t s  ob ta ined  i n  Table 14 and Table 15 shows a 
cons ide rab le  improvement. The b e s t  specimen (No. 10) i n  Table 11 
f a i l e d  a f t e r  29 shocks up t o  250 g ' s ,  whereas t h e  worst  specimen (No. 1) 
i n  Table 15 f a i l e d  a f t e r  24 shocks up t o  260 g ' s  ( the  f a i l u r e  w a s  
i n i t i a t e d  i n  t h e  f l a n g e  area of t h e  s t u d ) .  This  v e r i f i e s  t h e  assumption 
t h a t  proper metal  s u r f a c e  p r e p a r a t i o n s  and r i g i d  adherence t o  t h e  bonding 
procedures i s  of primary importance i n  o b t a i n i n g  adhesive bonds of h igh  
load-carrying c a p a b i l i t i e s .  

F igu re  9 i s  a photograph of t h e  t h r e e  s t u d s  w i t h  f l a n g e  a r e a  f a i l u r e s  
(descr ibed i n  Table 15).  Figure 10 shows t h e  deformation of t h e  base 
p l a t e  caused by t h e  shock t e n s i l e  load. 
p rev ious ly  loaded w a s  p u t  i n t o  t h e  Tinius-Olsen Tester and a 
compressive load app l i ed .  
springback) a t  a load of 2500 l b  w a s  r e q u i r e d  be fo re  t h e  permanent p l a t e  
deformation of 0.070 in .  (shown i n  t h e  photograph) r e s u l t e d .  Since any 
base p l a t e  deformation w i l l  cause areas of s t r e s s  concen t r a t ion ,  and 
s i n c e  t h i s  same deformation has  been evidenced du r ing  s t a t i c  t e n s i l e  
t e s t s ,  it i s  expected t h a t  100% s t u d  o r  f l a n g e  f a i l u r e s  could be 
expected when bonded t o  r i g i d  base  p l a t e s .  Conversely, t h e  load- 
c a r r y i n g  a b i l i t y  of t h e  adhesive-bonded s t u d s  could be expected t o  be 
m a t e r i a l l y  lowered as t h e  b a s e  p l a t e  becomes more f l e x i b l e .  

An i d e n t i c a l  p l a t e  no t  

A t o t a l  deformation of 0.150 i n . ( b e f o r e  

Table 15 r e v e a l s  t h a t  X-305 r e s i n  used w i t h  0.005-in. Estane f l e x  f i l m  
i s  t h e  ou t s t and ing  adhesive system and could be considered b e t t e r  i n  
shock shear  r e s i s t a n c e  than t h e  s t u d  i t s e l f .  
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Specimen No. 

1 

2 

3 

4 

5 

TABLE 15 

TENSILE SHOCK TESTS (Rerun) 

X-305 Adhesive With 0.005-in. Es tane  Film 

Load I n  G ' s  

2 00 
216 
230 
245 
260 

260 
275 

290 

290 

290 
305 

No. of Shocks 

5 
5 
5 
5 
4 

5 
3 

3 

2 

5 
1 

Remarks 

F lange f a  i l u r e  

Flange f a i l u r e  

Cohesive f a i l u r e  

Cohesive f a i l u r e  

Flange f a i l u r e  . 
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Figure 9. Shock Tensile Flange Failures 

Figure 10. Base Plate Deformation, Shock Tensile Tests 
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S i x  a d d i t i o n a l  s t u d s  were t e s t e d  i n  s t a t i c  shear ,  us ing  b a r e  aluminum 
e tched  p l a t e  w i th  t h e  X-305 adhes ive  and both  1 - m i l  and 5-mil Es tane  
f i lm.  Th i s  was done f o r  the purpose of comparing 1) t h e  i r rcrease i n  
s t r e n g t h  due t o  t h e  removal of entrapped a i r  from t h e  system, wi th  2) 
t h e  u s e  of b a r e  p l a t e  r a t h e r  than  anodized p l a t e ,  R e s u l t s  of t h e s e  
tes ts  a r e  shown i n  Table  16. 

3 .  Shock Shear  T e s t s  

A l l  shock shea r  tes ts  were conducted us ing  a n  Avco-type, 5 M  005-l. shock 
tes ter  w i t h  a Tek t ron ic  osc i l l o scope  ( type  543) and a camera, coupled 
wi th  a n  Endevco accelerometer  ( type  2215). Th i s  s e tup  produced a shock 
p a t t e r n  a s  shown i n  Figure 11. 

F i g u r e  11. Typica l  Shock P a t t e r n  

Th i s  p a t t e r n  desc r ibes  a shock of approximately 100 g ' s  and 4-mi l l i seconds '  
du ra t ion ,  and i s  t y p i c a l  of a l l  shock t e s t i n g ,  The d u r a t i o n  of t h e  shock 
i s  reduced p ropor t iona te ly  t o  t h e  g level of t h e  shock, a s  l i s t e d  i n  t h e  
t a b l e s .  

The shock f i x t u r e  (Figure 12) was a t t a c h e d  to t h e  t a b l e  of  t h e  Avco tes ter  
and t h e  specimen t o  be t e s t ed  was i n s t a l l e d  so t h a t  t h e  b a s e p l a t e  was i n  
a v e r t i c a l  p o s i t i o n .  A 10-lb weight  was screwed onto t h e  threaded p o r t i o n  
of t h e  s tud .  This  weight had been devised  so t h a t  i t  sea t ed  f i r m l y  
a g a i n s t  t h e  0.600-in. diameter shoulder  of t h e  s tud ,  and i t s  c e n t e r  of 
mass was 1 .0  i n .  from the  f l a t  s u r f a c e  of t h e  s tud  f l ange .  

I n  Tables  17  through 20, which l i s t  t e s t  r e s u l t s  on t h e  fou r  adhes ive  
systems, t h e  f i r s t  two o r  t h r e e  specimens were used t o  determine a f a i l u r e  
l e v e l .  For t h i s  reason,  t he  l a t t e r  t es t s  on each system a r e  n o r e  n e a r l y  
r e p r e s e n t a t i v e  of t h e  load sus t a ined  by t h e  system, 
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Specimen 
N o .  Adhesive 

X-305 

X-305 

I X-305 

X-305 

X-305 

X- 305 

TABLE 16 

STATIC SHEAR TESTS 

Flux  Film 

0.001-in.  Estane 

0.005-in. Estane 

Load, 
l b  

1350 

1500 

1350 

.v.1400 

1670 

1700 

1700 

,vo 16 9 0 

Type o f  F a i l u r e  

Cohesive 

Stud broke at: l a s t  th read  

Stud p u l l e d  o u t  of f l a n g e  

Stud p u l l e d  o u t  of f l a n g e  

N O T E :  A l l  tests w e r e  conducted us ing  degassed X-305 r e s i n  and b a r e  aluminum 
p l a t e s  wi th  a loading  r a t e  of 0.050-in. /min. 
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F i g u r e  1 2 .  Avco Shock Tes te r  with 
Shock Shear  F i x t u r e  
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TABLE 17 

Specimen 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

SHOCK SHEAR TESTS 

X-305 Adhesive With 0.002-in. Estane Flex Film 

Load 
In G's 

7 5  

7 5  

7 5  

7 5  

7 5  

7 5  

7 5  

7 5  

7 5  

7 5  

No. of 
Shocks 

2 

3 

5 

1 

1 

2 

5 

4 

1 

1 

Load 
In G's 

8 5  

No, of 
Shocks 

3 

Remarks 

Adhesive failure 

Adhesive failure 

Stud failure, bolt area 

Adhesive failure 

Cohesive failure 

Adhesive failure 
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TABLE 18 

Spec imen 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

SHOCK SHEAR TESTS 

7133/7130 Adhesive With 0.005-in.  Estane F l e x  Fi lm 

Load 
I n  G I s  

85 

8 5  

85 

85 

85 

85 

8 5  

8 5  

85 

N o .  of 
Shocks 

Load 
I n  G I s  

No. of 
Shocks 

R ema r ks  

Used f o r  gauge c a l i b r a t i o n  

All f a i l u r e s  cohesive 
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TABLE 19 

Specimen 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

SHOCK SHEAR TESTS 

7133/3170 Adhesive With 0.002-in. Estane Flex Film 

Load 
In G ' s  

8 5  

75 

57 

6 4  

65 

75 

75 

75  

75 

75  

No. of 
Shocks 

1 

1 

5 

3 

9 

5 

5 

5 

1 

5 

Load 
In G ' s  

75 

75 

80  

85  

No. of 
Shocks Remarks 

__ 

All failures cohesive 
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spec imen 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

TABLE 20 

SHOCK SHEAR TESTS 
X-305 Adhesive With 0.005-in. Estane F l e x  Film 

Load 
I n  G ' s  

75 

90 

90 

100 

100 

100 

100 

100 

100 

100 

Nn. of 
Shocks 

10 

3 

6 

1 

1 

2 

2 

5 

3 

1 

Load 
I n  G ' s  

85  

100 

- ~ 

No. of 
Shocks 

5 

iiema rks 

90 G - 3  s tud  f a i l u r e ,  
f l a n g e  a rea  

Adhesive f a i l u r e  

Stud f a i l u r e ,  f l a n g e  a r e a  

Stud f a i l u r e ,  b o l t  a r e a  

Adhesive f a i l u r e  
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Examination of t h e s e  t a b l e s r e v e a l s  t h a t  X-305 r e s i n  used wi th  0.005-in.  
Es tane  f l e x  f i l m  i s  aga in  the b e t t e r  adhesive system and could  be con- 
s i d e r e d  more r e s i s t a n t  t o  shock shear  than  t h e  s t u d  i t s e l f .  

4 .  V i b r a t i o n  T e s t i n g  

Specimens t o  be v i b r a t i o n  t e s t e d  were mounted i n  a holding f i x t u r e  on t h e  
Ling Vib ra to r  and a 10 - lb  weight screwed on t h e  threaded  p o r t i o n  of t h e  
s t u d .  (This  weight w a s  devised so t h a t  it sea t ed  f i rmly  a g a i n s t  t h e  0 ,006-in.  
diameter shoulder  of t h e  stud and i t s  c e n t e r  of  mass w a s  1.0 i n .  from t h e  f l a t  
su r f ace  of t h e  s tud  f lange . )  Accelerometers were mounted on t h e  f i x t u r e  and 
on t h e  weight s o  t h a t  t h e  g- leve l  input  and resonant  frequency output: could 
be measured. 

S tuds  were subjec ted  t o  a resonant  search  from 7 cps  t o  2000 c p s ,  and a 
Sanborn r eco rde r  was u t i l i z e d  t o  determine which resonance was most severe .  
The s t u d s  were then  subjec ted  t o  a 5-minute dwell  a t  t h e  frequency of most 
severe  resonance dur ing  which t i m e  t h e  g l e v e l  w a s  s t e a d i l y  inc reased  t o  
s t u d  f a i l u r e  o r  t o  the  capac i ty  of t h e  equipment. 

One-half of  t h e  s tud  specimens of each system were v i b r a t e d  so t h a t  t h e  
stresses were imposed i n  the t e n s i l e  a x i s .  The o t h e r  h a l f  were subjec ted  
t o  shear  stresses. R e s u l t s  of t h e s e  tes ts  are shown i n  Tables  21  and 22. 

A s  had been expected,  t h e  X-305 adhesive wi th  t h e  0.005-in.  Es tane  f i l m  w a s  
t h e  ou t s t and ing  bonding system f o r  v i b r a t i o n  r e s i s t a n c e .  
t he  t e n s i l e  a x i s ,  a l l  f i v e  s tuds  f a i l e d  i n  t h e  s tud ;  of four  s t u d s  t e s t e d  
i n  t h e  shear  a x i s ,  t h r e e  f a i l e d  i n  t h e  s tud  wi th  only  one adhesive f a i l u r e .  

When t e s t e d  i n  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  of  t h e  29 s t u d s  u t i l i z i n g  t h e  o t h e r  t h r e e  
bonding systems t e s t e d  i n  v i b r a t i o n  shear  and t e n s i o n ,  on ly  four  f a i l u r e s  
were i n  t h e  s tud .  Table  23 has  been compiled t o  compare t h e  h igh  and 
low va lues  and average load s u s t a i n e d  by each of t h e  four  bonding systems 
f o r  each t e s t .  

I n  s t a t i c  t e n s i o n ,  X-305 l - m i l  Es tane  i s  t h e  ou t s t and ing  system, developing 
approximately 80% of t h e  t e n s i l e  s t r e n g t h  of t h e  s tud .  

The o t h e r  t h r e e  systems developed approximately equal  s t r e n g t h .  

I n  shock t e n s i l e ,  X-305 5-mil i s  t h e  b e s t  system, f a i l i n g  t h r e e  out  of 
f i v e  s t u d s  ( see  F igure  11). 
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TABLE 2 1  

220 

220 

2 20 

220 

220 

200 

240 

220 

200 

220 

VIBRATION TEST 

TENSILE AXIS 

50 

70 

70 

50 

60 

70 

70 

100 

100 

100 

Specimen No. 

X305 5-Mil Es tane  -1 

-3 

-5 

-7 

-9 

X305 2 - M l  Es tane  -1 

-3 
-5 

-7  

-9 

7133/3170 5-Mil Es tane  - 1  

-: 
I - 

- 1  

-! 

7133/3170 2 - M i l  Es tane  - 1  

-: 

- 1  

Zesonant 
Zrequency 

205 

230 

225 

160 

160 

2 10 

220 

230 

235 

250 

100 

100 

100 

50 

60 

70 
100 

100 

100 

100 

o u t p u t  
(g's) 

180 

160 

180 

110 

150 

160 

190 

180 

160 

160 

110 

120 

140 

120 

130 

120 

110 

140 

140 

130 

P o s t  T e s t  Examination 
F a i l e d ,  Ruptured, 
No Apparent Damage 

Mounting s t u d  p u l l e d  o u t  (3 min) 

Mounting s t u d  p u l l e d  o u t  (4 min) 

Mounting s t u d  p u l l e d  o u t  (1 min) 

Mounting s t u d  p u l l e d  o u t  (2 min) 

Mounting s t u d  p u l l e d  o u t  (2 min) 

Mounting s t u d  p u l l e d  o u t  (3 min) 

Bonding came loose  (2 min) 

Bonding came loose  (2 min) 

Bonding came loose  (2 min) 

Mounting s t u d  p u l l e d  o u t  (3 min) 

Bonding came loose  (2 min) 

Bonding came loose  (2 min) 

Bonding came loose  (3 min) 

Bonding came loose  (1 min) 

Bonding came loose  (1/2 min) 

Bonding came loose  (2 min) 

Bonding came loose  (2 min) 

Mounting s t u d  broken (2 min) 

Bonding came loose  (1/2 min) 

Bonding came loose  (3 min) 



0 
TABLE 22 

VIBRATION TEST 

SHEAR AXIS 

Specimen No. 

X-305 5-Mil Estane -2 F 
-4 
-6 

-8 

X-305 2 - M i l  Estane -2 

-4 
-6 

-4 

-6 

-8 

7133/3170 2 - M i l  Estane -2 7 
-4 

-6 

-8 

- 10 

Resonant 
Pr equency 

~~ 

135- 70 

122-85 

135-85 

120- 85 

120- 80 

120- 80 

135 

120- 95 

120-85 

90- 82 

90 

90- 70 

90-45 

85-65 

85-50 

85 - 45 

85-50 

90-45 

Max. 
Acceleration Level 

13 30 

60 55 

65 100 

65 65 

30 45 

45 70 

25 45 

20 35 

25 20 

25 30 

28 30 

30 30 

25 20 

~ 

15 20 

25 15 

15 20 

15 15 

28  20 

Post Test  Examination 
Fa i led ,  Ruptured, 

No Apparent Damage 

Resonant frequency decreased t o  
70 cps. Bonding gave way 

Mass mount s tud  came loose 

Mass mounting s tud  pulled out  of 
p l a t e  

Mass mounting s tud  pul led  out  of 
p l a t e  

Bonding came loose 

Stud broke and bonding came loose 

No apparent damage a f t e r  5 min of 
v i b r a t i o n  

Bonding came loose 

Bonding c a m e  loose 

Bonding came loose (2 min) 

No apparent damage a f t e r  5 min of 
v ib ra t ion  

Bonding came loose a f t e r  3 min of 
v ib ra t ion  

Bonding came loose a f t e r  2 min of 
v ib ra t ion  

Bonding came loose a f t e r  2 rnin of 
v i b r a t i o n  

No apparent damage a f t e r  5 min of 
v ib ra  t i o n  

Bonding came loose a f t e r  1 min of 
v i b r a t i o n  

Bonding came loose a f t e r  2 min of 
v i b r a t i o n  

Bonding came loose af ter  3 min of 
v i b r a t i o n  

40 



m o m  
d N N  

o u r -  
m N N  

c o m m  
N r l d  

o o c o  
0 - 0 3  
d 

O O N  
o m c o  
d 

O O d  o h m  
4 

o g o  
h a 

0 0  o m 3  m m u r  
c o c o c o  

m o d  
o a c o  
m N N  

o o r l  
m o m  
N r l d  

a o a  
4 0 0  
N N N  

o c a s  
o m  
N r l r l  

o o c o  
O b c o  
O N m  
m N N  

o o m  
N m d  o a d  

0 0 0  m m r l  N m o  
m m e  m r l N  

rn 
U 
rl 

2 
al 
d 

c 
z l 4 4  
2 g ; c 

x l 4 4  
.2 8 ; 

c 
= G I 4  
.2 ; 

9) 

5 u 
9) 
C 
m 
U 
(I] 

w 
0 .  - c  
rl .d 
0 1  
\ m  
m o  
m o  
4 .  
h O  

rn 
W 

0 

rl .d 
m i  
\ N  

m o  
r l .  
h 0  

h d  

m o  

41 



The X-305 5-mil system was a l s o  b e s t  i n  shock shea r  and v i b r a t i o n  shear ,  
f a i l i n g  e i g h t  o u t  of ten s tuds  t e s t e d  i n  shock shear ,  and t h r e e  o u t  of 
f o u r  i n  v i b r a t i o n  shear .  

Adhesive 

X-205 5-mil 

X-305 2-mil 

7133/3170 5 - m i l  

7133/3170 2-mil 

The loads  sus t a ined  i n  v i b r a t i o n  t e n s i l e  were too s i m i l a r  t o  be placed 
on a comparat ive b a s i s ;  however, a l l  f i v e  s t u d s  bonded wi th  X-305 5-mil 
f a i l e d  t h e  s tuds ,  whereas the o t h e r  t h r e e  systems f a i l e d  a t o t a l  of  
t h r e e  s t u d s  i n  f i f t e e n  specimens t e s t e d ,  

T o t a l  T e s t s  S tuds  F a i l e d  

46 22 

42 4 

40 0 

40 1 

I n  a r e r u n  of  t h e  s t a t i c  shear  tes ts ,  t h e  X-305 5-mil system f a i l e d  a l l  
t h r e e  s t u d s  t e s t e d .  

T a b l e  24 h a s  been compiled t o  show t h e  t o t a l  number of t es t s  on each 
specimen compared t o  t h e  t o t a l  number of s t u d s  f a i l e d ,  

TABLE 24 

STUD FAILURE COMPARISON 



D . RECOMMENDATIONS 

The s tud  c o n f i g u r a t i o n  was designed i n  conformance w i t h  a t h e o r e t i c a l  
a n a l y s i s  ( s e e  Summary Report  No. 1, da ted  12 March 1963) so t h a t  t h e  
maximum t e a r i n g  stresses which could be  r e s i s t e d  by t h e  p l a t e  would be  
equ iva len t  t o  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  of t h e  3 /8- in .  diameter  
s tud .  I f  t h i s  a n a l y s i s  i s  c o r r e c t ,  t h e  s t u d s  would, i n  p r a c t i c e ,  f a i l  
by t e a r i n g  from t h e  p l a t e  and by t e n s i l e  f a i l u r e  of t h e  s tud ,  w i th  equal  
frequency. Of t h e  27 s tud  f a i l u r e s  experienced du r ing  t e s t i n g ,  17 have 
been f l a n g e  t e a r i n g  f a i l u r e s  and 10 have been t e n s i l e  f a i l u r e s  of t h e  
mounting v o l t .  Th i s  i nc rease  i n  f l a n g e  f a i l u r e s  can be  expla ined  by t h e  
f a c t  t h a t  i t  was necessary  t o  remove t h e  f l a n g e  anodic  coa t ing .  Th i s  
was accomplished by machining, du r ing  which o p e r a t i o n  a small  amount of 
meta l  ( 4 . 0 0 5 - i n .  t h i ck )  was a l s o  removed from t h e  back s u r f a c e  of t h e  
f l ange ,  s l i g h t l y  reducing  i t s  r e s i s t a n c e  t o  t e a r i n g  stresses. I t  i s  
f e l t  t h a t  t h e  tests have confirmed t h a t  t h e  des ign  f o r  3/8- in .  diameter  
s t u d s  i s  optimum. I t  is expected t h a t  a l l  f a i l u r e s  of  1 /4- in .  diameter  
s t u d s  w i l l  occur  i n  t h e  b o l t  a r e a ,  

The frequency of s t u d  f a i l u r e s  i n d i c a t e s  t h a t  w i th  proper  adhes ive  systems 
and bonding procedures,  the f l a n g e  a r e a  i s  s u f f i c i e n t  t o  support ,  under 
end use  cond i t ions ,  a load equal  t o  o r  g r e a t e r  than  t h a t  which can  be  
supported by t h e  3/8- in .  diameter b o l t .  
be  made i n  t h e  s t u d  design, and t h a t  s tuds ,  a s  used dur ing  Phase 11, be  
d e l i v e r e d  f o r  u se  i n  Phase 111. 

I t  i s  recommended t h a t  no changes 

2 .  Adhesive 

Two adhes ives  were t e s t e d  dur ing  Phase 11: Narmco's X-305, and t h e  NASA 
formula t ion  3170/7133. The load-car ry ing  a b i l i t y  of t h e  3170/7133 adhe- 
sive i s  l i m i t e d  by i t s  cohesive s t r e n g t h .  I n  t h e  bonded s tud  a p p l i c a t i o n ,  
t h e  3170/7133 adhes ive  f a i l e d  i n  eve ry  specimen t e s t e d ,  w i th  on ly  one 
except ion .  Ul t imate  s t r e n g t h  va lues  averaged cons ide rab ly  less than  wi th  
t h e  X-305 adhesive.  

Obta in ing  optimum bonds with t h e  X-305 system r e q u i r e s  t h a t  c a r e f u l  a t t e n -  
t i o n  be g iven  t o  s u r f a c e  p repa ra t ion  and bonding procedure d e t a i l s .  
However, bonds a t t a i n e d  with t h e  X-305 system have 1 - 1 / 2  t o  2 t i m e s  more 
load-car ry ing  a b i l i t y  than bonds wi th  t h e  3170/7133 adhesive.  

Narmco has  been engaged i n  a c t i v e  adhes ive  r e s e a r c h  s i n c e  t h e  founding of 
t h e  company, and i s  i n  f a c t  t h e  o r i g i n a t o r  of  a i r c r a f t  metal- to-metal  
bonding. R e l a t i v e l y  r ecen t  work by Narmco on c o n t r a c t s  such a s  NAS 8-1565, 
AI? 33(616) 3007, and AF 33(657) 8047 have r e q u i r e d  t h a t  a ve ry  l a r g e  number 
of adhes ive  systems be inves t iga t ed .  I n  Narmco's experience,  t h e  ou t s t and ing  
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room temperature curing adhesive is the X-305 system. For most anticipated 
end use conditions, this system develops more load-carrying ability than 
does the stud. It is recommended, therefore, that all Phase 111 bonding be 
accomplished using the X-305 system. 

3. Flexible Film Thickness 

The liner film of Estane was demonstrated to be the best of those investi- 
gated during Phase I of this program. Reasons for the superiority were 
exceiient temperature variation resistance and superior adhesive system 
compatibility. It is not possible to select one optimum film thickness. 
When shock or vibration is a factor in end use conditions, the 0.005-in. 
thickness has been shown to be superior. However, under static tensile 
loading, the 0.001-in. thickness has demonstrated improved load-carrying 
ability. It is recommended that Phase I11 studs be fabricated with part 
of them using 0.005-in. thick Estane, with the remainder using 0.001-in. 
thick Estane film. The proportions of 0.005-in. to 0.001-in. films will 
be determined by the Project Officer, depending upon the anticipated end 
use of the adhesive bonded studs. 
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111. PHASE 111 
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A. INTRODUCTION 

The following summary report covers the work accomplished during Phase I11 
of the subject contract (1 September 1963 through 31 October 1963) and 
presents Narmco Research & Development's recommendations for optimum 
bonding procedures. 

Fifty studs of each of the 1/4-in. and 3 /8  in. diameters (as shown in 
Drawing RE5326) have been fabricated and delivered to the Project Officer 
at Marshall Space Flight Center, Huntsville, along with sufficient X-305 
adhesive and 0.005-in. Estane film for bonding. In addition, three studs 
were bonded at Narmco to base plates for an immediate demonstration. Since 
tests in static tension had yielded the lowest results during earlier testing 
with no stud failures, they were chosen as being the most demonstrative of 
the bonding progress which had been made. One specimen was tested at 
Narmco and failed the stud at a load of 5440 lb. One specimen was tested 
at NASA and failed the stud at a load of 5190 lb. Earlier test results in 
static tension yielded an average load of 2443 lb, with a high load attained 
of 3020 lb. It can now be stated with certainty that, if proper bonding 
procedures are carefully followed, the X-305-Estane bonding system will 
consistently produce bonds which are stronger than the 3/8-in. diameter stud, 
in all tests considered during this program. 
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B* BONDING PROCEDURES 

It must be emphasized t h a t  although good bonding p r a c t i c e s  must always be 
followed i f  optimum bonds are t o  be obtained,  c e r t a i n  a r e a s  are q u i t e  
c r i t i c a l .  
s u r f a c e s  f o r  bonding, and even then touching of t h e s e  s u r f a c e s  must be kep t  
a t  a minimum. A thumbprint on the bonding s u r f a c e  of t h e  s tud  f l a n g e  can, 
and u s u a l l y  w i l l ,  reduce t h e  e f f e c t i v e  load -ca r ry ing  a b i l i t y  of t h e  adhesive 
bonded s t u d  by 70%. S imi l a r ly ,  any g rease ,  o i l ,  o r  o t h e r  contamination on 
t h e  bonding s u r f a c e s  w i l l  r e s u l t  i n  reduced s t r e n g t h s .  

The wearing of white  gloves i s  r e q u i r e d  when handl ing any 

Proper degassing of t h e  mixed r e s i n  i s  second i n  importance t o  c l e a n l i n e s s .  
During t h e  mixing of r e s i n  and a c c e l e r a t o r ,  cons ide rab le  a i r  i s  entrapped. 
When t h e  adhesive r e s i n  i s  pressed i n t o  a f i l m  of 0.0015-in. t h i ckness ,  t h e  
v i s i b l e  s u r f a c e  may c o n s i s t  of as much as 50% a i r  bubbles, r e s u l t i n g  i n  a 
much g r e a t e r  percentage of loss i n  l oad -ca r ry ing  a b i l i t y  of t h e  s tud .  
Optimum bonds demand t h a t  t h e  X-305 r e s i n  system be vacuum degassed 
immediately a f t e r  mixing and care  must be taken t h e r e a f t e r  t o  i n s u r e  t h a t  no 
a d d i t i o n a l  a i r  i s  trapped i n  the bondl ine.  

1. Aluminum Cleaning Procedure 

Optimum performance of adhesive bonds depends o n a  c l ean ,  dry,  g rease - f r ee  
su r face .  The recommended procedure f o r  c l ean ing  aluminum s k i n s  and s t u d  
f l a n g e s  i s  as fol lows:  

a. Vapor degrease,  a1kal.ine c l ean ,  r i n s e ,  and check f o r  water  break. 

b. Immerse i n  sodium dichromate s u l f u r i c  a c i d  s o l u t i o n  f o r  13 t o  15 
minutes a t  145°F t o  155°F. The s o l u t i o n  i s  made as fol lows:  

Sodium dichromate (Fed 0-S-595A) 28.5 g 
S u l f u r i c  a c i d  (Fed 0-A-115 Class A Grade 2) 285.0 g 
Water To make 1 l i t e r  

c. Spray-r inse w i t h  cold water (< 75°F). 

d. Immerse i n  cold water and r e p e a t  spray r i n s e .  

e. Check f o r  water break and d r y  i n  vented oven below 150°F. P r o t e c t  
c lean,  etched p a r t s  from contamination, f i n g e r  p r i n t s ,  etc.  Handle 
only wi th  c l e a n  wh i t e  gloves. 

2 .  Adhesive System Prepa ra t ion  

a.  Thoroughly mix 100 p a r t s  of base  r e s i n  w i t h  14 p a r t s  of c u r i n g  
a g e n t ,  

b. Vacuum degas immediately a f t e r  mixing. (Applicat ion and release of 
vacuum s e v e r a l  t imes w i l l  a c c e l e r a t e  degassing ope ra t ion . )  
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c. Apply 3 t o  5 g of r e s i n  to  c e n t e r  of c leaned and etched s t u d  
l o c a t i o n  area. 

d. Remove Teflon f i l m s  from Estane l i n e r .  

e. Place Estane l i n e r  over adhesive on s t u d  l o c a t i o n  a r e a .  Use s t u d  
f l a n g e  t o  p r e s s  r e s i n  t o  0.0015- in .  t o  0.003-in. t h i c k n e s s .  

f .  Apply 3 t o  5 g of r e s i n  t o  c e n t e r  of s t u d  f l a n g e .  

g. Center s t u d  f l a n g e  on Estane f i l m  and apply p r e s s u r e  t o  fiow r e s i n  
t o  0.0015-in. t o  0.003-in. t h i c k n e s s .  

h. Apply 2- lb  weight t o  s t u d  and a l low t o  c u r e  72 hours  a t  over 70°F. 
(Applicat ion of 200" heat  f o r  1-1/2 hours w i l l  complete cu re  and 

w i l l  r e s u l t  i n  s l i g h t  s t r e n g t h  i n c r e a s e s . )  

C. CONCLUSIONS 

The c o n t i n u a l  i n c r e a s e  i n  bond s t r e n g t h s  throughout t h e  program g ives  ample 
i n d i c a t i o n  t h a t  s t r i c t  adherence t o  t h e  developed bonding technique i s  of t h e  
utmost importance. It has been shown t h a t  i f  optimum bonds are a t t a i n e d ,  t h e  
load -ca r ry ing  a b i l i t y  of t h e  adhesive system w i l l  exceed t h e  s t r e n g t h  of t h e  
aluminum s t u d  when t e s t e d  under any of t h e  c o n d i t i o n s  considered du r ing  t h i s  
program. It is  recommended, however, t h a t  s t u d s  no t  be loaded i n  excess  of 
75% of t h e  v a l u e s  given f o r  7075116 Bo l t s  i n  M i l  Handbook -5, "Strength of 
Metal A i r c r a f t  Elements" (Armed Forces Supply Support Center) .  

D.  RECOMMENDATIONS FOR FUTURE WORK 

During t h e  program j u s t  completed, bonding techniques f o r  a room temperature  
c u r i n g  adhesive system have been evolved which r e s u l t  i n  load-carrying 
a b i l i t i e s  g r e a t e r  t han  t h a t  of the metal  s t u d  i t s e l f .  
work should be done i n  t h e  following areas: 

However, a d d i t i o n a l  

1. Development of c a p a b i l i t y  of adhes ive  bonded s t u d s  a t  cryogenic  t e m -  
p e r a t u r e s  

2. Development of LOX-compatible bonding methods f o r  load-carrying 
s t u d s  

3. Determination of load-carrying a b i l i t y  of adhesive bonded s t u d s  on 
curved and i r r e g u l a r  su r f aces  

4. Determination of t h e  temperature-imposed l i m i t s  of load-carrying 
a b i l i t y  of adhesive bonded s t u d s  
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APPENDIX A 

A CIRCULAR PLAT3 OF CONSTANT TEARING STRESS 
UNDER CONCENTRATED LOAD AT THE CENTER 

I. INTRODUCTION 

A b r i e f  review of l i t e r a t u r e  sh,ows that no s o l u t i o n  e x i s t s  f o r  t h e  problem 

of a c i r c u l a r  p l a t e  of nonuniform th i ckness  bonded to e l a s t i c  founda t ion  

under concen t r a t ed  load a t  t h e  c e n t e r .  The d i f f e r e n t i a l  equa t ion  of t h e  

problem may b e  e a s i l y  obtained by modifying Equation (e ) ,  Theory of P l a t e s  

and S h e l l s  by S. Timoshenko and S. Wainowsky-Krieger (2nd e d i t i o n ,  McGraw- 

H i l l  Book Company, Inc. ,  1959, p. 299). However, it is  t e d i o u s  t o  s o l v e  

t h e  d i f f e r e n t i a l  equat ion of f o u r t h  o rde r  with v a r i a b l e  c o e f f i c i e n t s ;  t he re -  

f o r e , a n  approximate s o l u t i o n  i s  obtained by t h e  fo l lowing  technique:  * 

The p l a t e  of nonunifcrm thickness  is f i r s t  d iv ided  i n t o  a number of 

r i n g s .  The t e a r i n g  stress a t  t h e  middle s u r f a c e  of each r i n g  i s  cal- 

c u l a t e d  by assuming t h a t  the th i ckness  of t h e  p l a t e  i s  c o n s t a n t  and 

equa l  t o  t h a t  a t  t h e  middle s u r f a c e  of t h e  r i n g .  This  means t h a t  t h e  

theo ry  of a c i r c u l a r  p l a t e  of c o n s t a t  t h i c k n e s s  on e l a s t i c  foundat ion 

i s  assumed t o  be a p p l i c a b l e  t o  each r e g i o r  of t h e  p l a t e  of nonuniform 

th i ckness .  By us ing  t h i s  approximate method., t h e  optimum v a r i a t i o n  of 

t h e  t h i c k n e s s  of the p l a t e  on t h e  c o n d i t i o n  of c o n s t a n t  t e a r i n g  stress 

can be e a s i l y  determined and a numerical  example shows t h e  procedure.  

11. THE TEARING STRESSES OF A CIRCULAR PLAm BONDED TO ELASTIC FOUNDATION AND 
SUBJECTED TO A CONCENTRATED LOAD AT T W  CENTER 

The g e n e r a l  s o l u t i o n  f o r  a c i r c u l a r  p l a t e  of uniform t h i c k n e s s  h loaded a t  

t h e  c e n t e r  w i t h  a load P i.s given i n  th2  previous r e f e r e n c e ,  p. 263, w i t h  

t h e  fo l lowing  r e s u l t :  
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42 0 6 

X 4 + A 2 ( x  2 - X + . . . )  
2 = A1 (1 - 2 22 4 

X 4 3 4  25 x 8 + . . . I  + 0 e .) l o g x + -  128 1,769,472 
+ A 3 [ ( 1  - 22 * 42 

Notat ions and s i g n  conventions are  de f ined  t o  be c o n s i s t e n t  w i t h  t h o s e  used 

i n  t h e  r e f e r e n c e  whenever they a re  a p p l i c a b l e .  

The boundary c o n d i t i o n s  f o r  the f r e e  edge of t h e  p l a t e  a r e  

= o  

Z O  1 d2Z 1 dZ 

+ ’ dX2 X a 
x= z 

. e .  e .  e .  (2) 

The f i n i t e  c o n d i t i o n  of t h e  d e f l e c t i o n  a t  t h e  c e n t e r  of t h e  p l a t e  r e q u i r e s  

A3 = 0 (3) 

Based on t h e  c o n d i t i o n  t h a t  the sum of t h e  s h e a r i n g  f o r c e s  d i s t r i b u t e d  over 

t h e  l a te ra l  s u r f a c e  of an  i n f i n i t e s i m a l  c i r c u l a r  c y l i n d e r  c u t  o u t  of t h e  

p l a t e  a t  its c e n t e r  must balance t h e  concen t r a t ed  load P,one o b t a i n s  

The s u b s t i t u t i o n  of Equation (3) i n  (1) and t h e  r e s u l t i n g  expres s ion  f o r  Z 

i n  Equations (2) y i e l d s  
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. . . . . . . . (10) ’ 

where t h e  c o n s t a n t s  ai , B~ , and yi  ( i  = 1, 2) are given by 

2 
= = l a \  

“1 16 1 4 4 1  

4 y1 = [-.- 5 + v  1-c) a - 2(1 + v) l o g 7  a - (3 + V )  + 13 + 4V a 
5 7 6  1.L) 

4 

a a2 = - 
244 

7 527 444 + a 1  
4 16 a 210,592 x 25 1;) 

3 
y 2  = 1;) [+ l og  - - -) - - 

(7) 

It  i s  noted t h a t  c o n s t a n t s  

two terms i n  each se:ries of the s o l u t i o n  (1). So lv ing  Equat ions (5) 

s imultaneously y i e l d s  

a i ,  p i  , and y a r e  ob ta ined  by t a k i n g  t h e  f i r s t  i 

v 2  - B 2 Y l  
A4 - a2@1 

I 

A1 - 

Y P 2  - Y2% 
A4 v 2  - a2@1 A2 - -- 

The t e a r i n g  s t r e s s e s  i s  given by 

= K 4 Z  uz (9) 

For a given set  of material  p r o p e r t i e s  and p l a t e  dimensions t h e  c o n s t a n t s  

ai , P i  , yi, and A .  can be found from Equat ions (4), ( 6 ) ,  (7),  and (8). 
J 
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The v a l u e s  of Z a r e  determined by Equation (1) and then  t h e  s t r e s s e s  

Equation (9) e 

Uz by 

111. AN APPROXIMATE METHOD ON THE DETERMINATION OF THE SHAPE OF THE CIRCULAR 
PLATE FOR UNIFORM TEARING STRESSES 

A c i r c u l a r  p l a t e  of a r b i t r a r y  nonuniform 

t h i c k n e s s  i s  d iv ided  i n t o  n r ings  as 

shown i n  F igu re  13. The width of t h e  

mth r i n g  is  taken t o  be t h a t  a t  

r = T(rm-l + rm) and i s  determined 

i n  such a way t h a t  t h e  t e a r i n g  
1 stress of t h e  r i n g  a t  r = T(rm- I+rm)  

may be i n  an  approximate manner 

ob ta ined  by c a l c u l a t i n g  t h e  stress 

1 
9 

1 
of t h e  p l a t e  a t  r = y(rm-1 + rm> 
w i t h  t h e  t h i c k n e s s  of t h e  p l a t e  

be ing  t h e  width of t h e  r i n g ,  

I f  t h e  p r e s c r i b e d  t e a r i n g  s t r e s s  i s  

denoted by Ow, t hen  one ob ta ins  from 

Equat,ion (9) : 

uw = 6 $I4 ZM 

W 

Figure  13. A C i r c u l a r  P l a t e  
of Nonuniform 
T hickne s s 

1 where % and Z are  t h e  th i ckness  and t h e  v a l u e  of Z a t  r = T(rm- 1 + rm) M 
and where 

6 = [  
1 2 ( 1  - v2) 

It can be seen t h a t  t h e  v a l u e  of 

r e q u i r e d  th i ckness  of t h e  mth r i n g .  
$ s a t . i s f y i n g  Equation (10) i s  t h e  



I V .  NUMERICAL CALCULATION 

I n  t h e  fol lowing numerical  example t h e  m a t e r i a l  p r o p e r t i e s ,  t h e  r a d i u s  of 

t h e  c i r c u l a r  p l a t e  and t h e  t e a r i n g  s t ress  

‘J = 0.3 

a = 1 i n .  

6 E = 30 x 10 p s i  
3 2 K = 12 x 10 l b / i n .  / i n .  

0 = 4,350 p s i  d = 0.25 i n .  
W 

Now t h e  c i r c u l a r  p l a t e  i s  divided 

i n t o  fou r  r eg ions  a s  shown i n  

F i g u r e  14. The most i n n e r  region 

i s  t h e  s t u d  i n  the  p r e s e n t  case,  which 

i s  n o t  considered he re .  

S t a r t  t h e  c a l c u l a t i o n  by assuming 

h2 = 0.08 i n .  

Using Equations (41, (61, and (7) 

one o b t a i n s  

A4 = 0.2248 

a = 0.6027; a2 = 0.8547 1 

B ,  = -2.129; B2 = 1.249 

y1 = -4.231; y = -1.977 2 

a r e  assumed t o  be given by 

F i g u r e  14. A C i r c u l a r  P l a t e  
With Var i ab le  
Thickness 

The s u b s t i t u t i o n  of t h e s e  values  i n t o  Equations (8) y i e l d s  

A1 = 0.8300 

A2 = -0.2115 

A2, A (=O), and A i n  Equation (1) and 1’ 3 4 S u b s t i t u t i n g  t h e  va lues  of A 

s e t t i n g  X = 0.9615 y i e l d s  

54 



From Equation (lo),  one o b t a i n s  

ow = 4322 p s i  

Since t h e  v a l u e  of 0 i s  c l o s e  t o  t h e  p r e s c r i b e d  v a l u e ,  4350 p s i ,  t h e  

v a l u e  of h2 may be taken t o  be 0.08 i n .  
W 

S i m i l a r l y ,  t h e  v a l u e s  of h and h a r e  found t o  be 0.095 i n .  and 0.06 i n .  

r e s p e c t i v e l y  . 1 3 

It can be v e r i f i e d  t h a t  t h e  maximum e r r o r  of t h e  t e a r i n g  stresses ca l cu -  

l a t e d  by u s i n g  h = 0.095 in . ,  0.08 i n . ,  and 0.06 i n . ,  i s  less than 0.7% 

compared t o  t h e  p r e s c r i b e d  t e a r i n g  s t r e s s .  

* .  
Prepared by: 4, & 4u 

C. Y: Chia 
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